Miniaturized electronic noses to rapidly detect and differentiate trace amount of chemical agents are extremely attractive. Use of tin oxide nanoparticles as sensing elements has been proved to significantly improve both the response time and the sensitivity of gas sensors or electronic noses. In this paper, we report the synthesis of pure tin oxide nanoparticles using a simple, convenient, and low-cost mini-arc plasma source. The nanoparticle size distribution is measured online using a scanning electrical mobility spectrometer (SEMS). The product nanoparticles are analyzed ex-situ by high resolution transmission electron microscopy (HRTEM) for morphology, crystal structure, and defects. Non-agglomerated rutile tin oxide (SnO 2 ) nanoparticles as small as a few nm have been produced, with rounded shapes and some faceting on the lowest energy surfaces.
INTRODUCTION
Rutile tin oxide (SnO 2 ), a wide band gap (3.6 eV at 300K [1]) n-type semiconductor material, is widely used as sensing elements in gas sensors [2] . The sensing mechanism is based on the fact that the adsorption of oxygen on the semiconductor surface can cause a significant change in the electrical resistance of the material [3] . The formation of oxygen adsorbates (O 2 -or O -) results in an electron-depletion surface layer due to electron transfer from the oxide surface to oxygen [4] . Recent studies have shown that use of tin oxide nanocrystals as sensing elements significantly improves the response and the sensitivity of sensors since the space charge region develops in the whole crystallite [5, 6] .
Tin oxide nanoparticles have been produced by both colloidal and aerosol routes [5] . The colloidal synthesis route affords considerable control over particle size and structure since the surface chemistry can be manipulated through adjustment of the solution properties [7, 8] . However, colloidal synthesis introduces contaminants that may be deleterious for sensor applications. Aerosol routes can minimize contamination, provide more flexibility in process control [9, 10] , and improve the compatibility of the nanoparticle-based sensor fabrication process with current microelectronics fabrication facilities. Moreover, the higher processing temperature employed in aerosol synthesis facilitates production of stable phases that are difficult to achieve in colloidal synthesis [11] . This paper introduces a simple, convenient and low-cost mini-arc plasma source to synthesize tin oxide nanoparticles at atmospheric pressure. The new source shows great potential in producing high-quality tin oxide nanoparticles for sensor applications. Because of the small crystallite size, high resolution transmission electron microscopy (HRTEM) becomes a powerful technique to analyze the product nanoparticles.
EXPERIMENTAL DETAILS
A schematic diagram of the experimental setup, including the mini-arc reactor and devices for collection and characterization of nanoparticles, is shown in Figure 1 . The atmospheric miniarc reactor consists of a 1/16" tungsten rod cathode and a 1/4" graphite rod anode housed in a chamber constructed with swagelok fittings and quartz tube. The cathode was sharpened to facilitate the arc initiation. The anode was designed to maximize the utilization of thermal energy from the arc discharge. To facilitate the arc stability, the anode surface was machined to form an annulus groove so that the dc arc only burns between the cathode tip and the central island on the anode surface. The typical discharge gap was on the order of 0.1 mm, and it may be adjusted using a translation stage on which the anode was mounted. Coarse tin powders or small pieces (~1 mm) of solid tin cut from commercially available pure tin wires were placed in the groove between the central island and the outside wall of the graphite anode. A commercial tungsten inert gas (TIG) arc welder (Miller Maxstar 150 STL) was used to drive the dc arc. To initiate arc, the two electrodes were first brought into contact, and then separated. Purified argon was used as the plasma and carrier gas. The high temperature in the arc discharge melts and vaporizes the solid tin from the graphite crucible. A pure and cold nitrogen flow was injected to quench the tin vapor and nucleate tin nanoparticles, which were then oxidized to form tin oxide nanoparticles by introducing purified air immediately at the exit of the mini-arc reactor. All gas flow rates were controlled with mass flow controllers (MKS 1179A). The product tin oxide nanoparticles were monitored online to obtain the particle size distribution using a scanning electrical mobility spectrometer (SEMS) [12] . Core components of the SEMS include an aerosol neutralizer (Kr 85 charger) for charging nanoparticles, a differential mobility analyzer (DMA, TSI 3081) for sizing charged nanoparticles, and a very sensitive electrometer (Keithley 6514A) for counting charged nanoparticles selected by the DMA. The neutralizer relies on the radioactive decay of Kr to produce an ambipolar ion cloud that leads to a known steady state charge distribution of nanoparticles [13] . The DMA sizes charged particles according to their electrical mobilities. It consists of two concentric cylindrical electrodes which are applied with a voltage difference. Charged particles that are introduced into the DMA near the outer electrode migrate toward the central electrode by the radial electric field while being carried along the axis of the cylindrical DMA by a clean sheath flow. For a given flow residence time, only particles having mobilities within a narrow range are transmitted through a sample extraction port on the central electrode. The voltage to the DMA was supplied by a dc high voltage power supply (EMCO 4100N) and was scanned in alternating increasing and decreasing exponential ramps to probe the expected range of the particle size (both upscan and downscan) in a few minutes. A Faraday cage based on the design of Yun et al. [14] continuously collected all the charged particles selected by the DMA on a filter and the resulting current was measured by the Keithley electrometer. The particle concentration is then calculated by the ratio of the charge flow rate to the gas flow rate, taking into account the known charge distribution from the neutralizer and the transfer function of the DMA [12] . The flow rate of the sample aerosol for size distribution measurement was controlled by a critical orifice downstream of the aerosol electrometer. All devices and instruments were continuously monitored and controlled by a dedicated data acquisition (DAQ) computer running Labview from National Instruments. The Labview program displays the nanoparticle size distribution in a 3-minute time interval.
Tin oxide nanoparticles were also periodically collected for ex-situ analysis by electrostatic precipitation [15] [16] [17] onto carbon-coated transmission electron microscope (TEM) grids installed immediately downstream of the reactor. The TEM sample collection was initiated using a threeway valve. The collected particles were analyzed using a Hitachi H 9000 NAR TEM, which has a point resolution of 0.18 nm at 300 kV in the phase contrast high resolution (HRTEM) imaging mode. Selected area diffraction and amplitude contrast bright field imaging were also employed.
RESULTS AND DISCUSSION
Representative nanoparticle size distributions are shown in Figure 2 for an arc current of 37.5 A, an argon flow rate (Q Argon ) of 5 lpm, and an air flow rate (Q Air ) of 2 lpm. Also shown is the effect of quenching nitrogen flow on the nanoparticles size distribution. Without quenching flow, the mode diameter (D p,mode ) of as-produced nanoparticles is 20.2 nm and the geometrical standard deviation (σ g ) is 1.92. With a quenching flow of 6 lpm (Q Nitrogen /Q Argon =1.2), the resulted particle size distribution shifts toward the smaller size and the mode diameter decreases to 15.1 nm. In addition, the distribution becomes narrower with σ g decreasing to 1.74. The quenching flow suppresses the coagulation of nanoparticles and slows down the particle growth. Desired nanoparticle size distribution may be achieved by varying the quenching flow and other operating conditions. Figure 3 shows two low-magnification bright field (BF) TEM images of larger tin oxide nanoparticles. Figure 3 (a) is representative of the prevalent images with uniformly distributed and non-agglomerated nanoparticles that are preferred for gas sensor applications. The non- [18] . This faceting may also explain the small flat regions seen at some of the edges of the larger round nanocrystals in Figure 3 . Although both of the primary particles in Figure 4 (b) are free of defects, fringes misfit by about 0.16 nm at the neck where the two particles join as a result of agglomeration. The defects present in the semiconductor SnO 2 may adversely affect the density and transport of charge carriers, and consequently degrade the sensor performance [19] . As a result, agglomerated nanoparticles should be minimized to achieve the best sensor performance. 
R8.7.5 (b) CONCLUSION
A mini-arc plasma source has been used to successfully synthesize SnO 2 nanoparticles with sizes as small as a few nm. Most of the larger SnO 2 nanoparticles greater than 20 nm are approximately spherical, while smaller nanoparticles below 5 nm are mostly faceted. Although some agglomerated nanoparticles are observed, non-agglomerated nanoparticles are dominant in the product. Based on the SAD and HRTEM analyses, both non-agglomerated and agglomerated nanoparticles bear a structure characteristic of rutile SnO 2 . However, agglomerated nanoparticles should be minimized for gas sensor applications since defects are induced at the joining neck as a result of agglomeration.
